The aim of our studies was to develop an efficient strategy to isolate human early epidermal progenitors for experimental and potential clinical purposes. We employed fluorescence-activated cell sorting (FACS) to isolate cells that poorly accumulate metabolic Rhodamin123 (Rh123) dye. We noticed that similarly to a population of β1-integrin bright (β1 bright ) cells, a population of Rh123 dull (Rh123 dim ) cells is highly enriched for cells growing holoclones, colonies composed of the most primitive keratinocytes. Furthermore, Rh123 dim cells express several morphological features of primitive undifferentiated cells and are also highly motile. We postulate that these cells could become an important source of epidermal progenitors to expand keratinocytes for clinical purposes.
Introduction
Epidermal stem cells located in the germinal layer of the epidermis are responsible for epidermal homeostasis and cell renewal in physiological conditions, where the epidermis is entirely exchanged every 2 weeks, and to replace damaged epidermis in emergency situations, such as after thermal or mechanical injuries.
Epidermal cells have been used clinically to treat skin burns [1] [2] [3] [4] and in patients with trophic ulcers [5, 6] . Thus, there is a need to develop efficient strategies isolating potential epidermal stem/progenitor cells for therapeutic purposes. A number of different strategies to isolate such cells have previously been proposed [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Fluorescence-activated cell sorting (FACS) allows for purification of early stem/progenitor cells from tissues if appropriate antigens are identified and specific antibodies are available [10] . Examples of cell surface markers employed to enrich for developmentally early cells are growth factor receptors (e.g., c-kit), chemokine receptors (e.g., CXCR4), or adhesion molecules (e.g., β1-integrin). To support this, Jones and Watt (1993) enriched human skin epidermal cells for keratinocyte stem cells by employing anti-β1-integrin antibodies [7] . It is known that β1-integrin is expressed on the surface of all keratinocytes in the basal layer of epidermis. However, depending on level of expression, two populations of cells can be distinguished with either high or low β1-integrin expression. Keratinocytes with high expression of β1-integrin display some characteristics of stem cells such as small size, a high nuclear/cytoplasmic ratio, and high proliferative potential in vitro [14, 16] .
Primitive cells can be also sorted by FACS based on their pattern of metabolic dye staining. The most commonly employed metabolic dyes are DNA-binding Hoechst 33342 (Hoe 33342 ) and mitochondrial marker Rhodamin123 (Rh123), which is also an indicator of multidrug resistance efflux pump activity [17, 18] . Generally, stem cells accumulate both Rh123 and Hoe 33342 poorly and thus could be identified by a low fluorescent emission of these dyes [19] [20] [21] [22] [23] . Because Rh123 is less toxic compared to Hoe 33342 that intercalate with DNA [18] , Bertoncello et al. (1985) pioneered the use of Rh123 to isolate primitive stem cells [19] .
Epidermal cells in cultures form three types of colonies: i) holoclones; ii) meroclones; and iii) paraclones. Holoclones are relatively large colonies formed by populations of early epidermial progenitors and contain primitive keratinocytes having the greatest growth potential. In contrast, paraclones may growth rapidly at first, but their total lifetime is no more than 15 cell generations, after which their growth is arrested and the cells differentiate. The meroclones are clones with a mixed composition, as they give rise to paraclones with appreciable frequency [24] .
The aim of this study was to develop a rapid and efficient FACS-based method to isolate cells that form in vitro holoclones. To enrich for early keratinocytes that form holoclones, we employed Rh123. 
Experimental Procedures

Keratinocyte isolation and culture
Staining of keratinocytes
In the first set of experiments, cells were incubated with Rh123 (Sigma) at a concentration of 1 µg/1 ml of the culture medium for 1 hour at 37 o C. Cells were then harvested by treating with 0.05% trypsin-EDTA and, after washing with PBS/1% BSA, cells were sorted via MoFlo sorter and Cytomation Plus software. At the same time, a portion of the keratinocytes was harvested with 0.05% trypsin-EDTA and incubated with PE-conjugated mouse anti-human integrin β1 antibody (Pharmingen) in PBS/1% BSA for 30 minutes at 4 o C. After washing with PBS/1% BSA, cells were sorted via MoFlo sorter and Cytomation Plus software.
To sort double positive keratinocytes, cells were first incubated in the cultures with Rh123 at a concentration of 1 µg/1 ml of the culture medium for 1 hour at 37 o C. Cells were then harvested from cultures by employing trypsin-EDTA and incubated with PE-conjugated mouse anti-human integrin β1 antibody in PBS/1% BSA for 30 minutes at 4 o C. After washing with PBS/1% BSA, cells were sorted via MoFlo sorter and Cytomation Plus software.
Evaluation of cell morphology: cell measurements and nucleus size and shape
Sorted skin keratinocytes (Rh123 dim and Rh123 bright ) were incubated for 12 hours in control medium. Subsequently, images were digitally recorded and processed. Cell image analysis was performed using a system consisting of an inverted microscope equipped with a Hitachi KP-161 CCD camera, a PC computer, a frame grabber, and the CYTOCYCLE 2.0 program for image analysis (by R. Tokarski). The image of each cell was binarized. Cell contours were used for determining the following cell shape parameters: projected surface area (in µm 2 ); perimeter of projected area (in µm); extension, which is a measure of how much the shape differs from a circle (the extension for a circle is zero and increases as the shape becomes less compact; the extension is a sum of elongation and dispersion); dispersion, which is the minimum extension that can be attained by compressing the shape uniformly; and elongation of the cell, which is a measure of how much the shape must be compressed along its long axis to minimize its extension. The shape parameters were defined and calculated as described by Dunn and Brown (1986) [25] .
Analysis of the migration of keratinocytes
The images of migrating keratinocytes were recorded and analyzed by computer-aided methods [26, 27] . Cells from secondary cultures were observed 1 hour after plating at a density of 10 4 cells/cm 2 into tissue culture Falcon Petri dishes (polystyrene surface). Tracks of individual keratinocytes locomoting in various substrata were generated by determining cell centroid displacements with time-lapse images taken at 1.5-minute intervals during a total observation period of 90 minutes. The positions of the keratinocyte centroid were marked by an observer on a digitized image. Fifty cell tracks were recorded under each of the experimental conditions tested. The cell trajectories were presented in circular diagrams with the starting point of each trajectory situated in the diagram center. The following parameters characterizing cell locomotion were computed for each cell or cell population using procedures written in the Mathematica language, including: total length of cell trajectory; total length of the final displacement of the cell, i.e., distance between the first and last points of the cell track; average speed of cell locomotion defined as total length of cell trajectory/time of recording; and a ratio of cell displacement length to cell trajectory length called the coefficient of movement efficiency (CME).
Cell proliferation assay
The sorted cells were cultured in flasks at a density of 10,000 cells/cm 2 (Corning Incorporated, Corning, NY, USA) in a humidified incubator with 5% CO 2 at 37 o C. Cells were collected at 24, 48, 72, and 96 hours from the culture flasks by trypsinization and the number of cells was determined by counting in a Bürker's haematocytometer.
Determination of holoclone-forming efficiency
To determine the number of holoclones in Rh123 dim /β1-integrin bright and Rh123 bright /β1-integrin bright populations, sorted cells were seeded in 6-well plates at a density of 1000 cells/well. After 10 days, holoclones were counted under an inverted microscope. The growing colonies were classified as holoclones, meroclones, or paraclones by employing morphological criteria.
Statistical analysis
Results were presented as the average ± SD from at least three independent experiments. After analysis of variables distribution with Shapiro-Wilk test, statistical differences were evaluated by parametric t-Student test for normal distribution or nonparametric Mann-Whitney test for variables that differ from normal distribution. Values of P<0.05 were considered to be significant.
Results
Human epidermal keratinocytes do not express c-kit receptor
The c-kit receptor-kit ligand (KL) axis plays an important role in proliferation and self-renewal of several types of stem cells [28] [29] [30] . Thus, we hypothesized that c-kitpositive epidermal cells could be potentially enriched for epidermal stem/progenitor cells. To address this issue, c-kit+ cells were isolated by FACS from epidermis and plated in vitro to grow colonies ( Figure 1 ). Figure 1 -panel A demonstrates that freshly isolated epidermal cells grow in small keratinocytic colonies in vitro and are enriched for expanding melanocytes. We noticed that c-kit receptor is expressed on approximately 20% of freshly isolated cells from the epidermis (Figure 1-panel B) and, as reported, is highly expressed by cells from the melanocytic lineage [31] . Therefore, we assumed that c-kit+ cells could be enriched for melanocytic precursors and purified c-kit+ cells from freshly isolated epidermis. As predicted, c-kit positive cells mostly grow melanocytes (Figure 1-panel D) and c-kit-depleted cells expanded as keratinocytic colonies (Figure 1-panel C) . Because of unwanted co-isolation of cells from the melanocytic lineage, we abandoned use of c-kit as a marker to isolate pure keratinocyte progenitors. Figure 3 and Table 1 show quantitative analyses of the morphology of human skin keratinocytes that were expanded for 24 hours from sorted Rh123 dim and Rh123 bright cells [25] . We found that the average projected surface area of Rh123 dim cells was 4 times smaller than Rh123 bright ones. At the same time, however, the average values and distribution of parameters characterizing cell shape such as elongation, dispersion, and extension were not significantly different between both cell populations ( Figure 3 and Table 1 ).
The
Morphological analysis of Rh123 dim and Rh123 bright keratinocytes
Next, after sorting by FACS, both Rh123
dim and Rh123 bright cells were evaluated for nuclear/cytoplasmic ratio ( Figure 4 and Table 1 ). We noticed that Rh123 (Dunn and Brown, 1986 
Characterization of motile activity of Rh123 dim and Rh123 bright keratinocytes
During wound healing, keratinocyte progenitors migrate to places of injury to effectively participate in tissue repair. Therefore, we became interested in comparing the motile activity of Rh123 dim and Rh123 bright keratinocytes ( Figure 5 ).
The images of human keratinocytes migrating on plastic at 37°C were evaluated with an inverted Hund Wetzlar microscope using phase-contrast optics. Analysis of cell migration was initiated 2 hours after seeding, when the cells were already dispersed over the plastic. The locomotion images were recorded with a Hitachi CCD camera as described. The cell trajectories were constructed from 40 subsequent cell centroid positions recorded for 200 minutes at 5-minute intervals. The cell trajectories were presented in circular diagrams and the lengths of the cell tracks were calculated in addition to the final displacement. We recorded 100 cell tracks under the conditions described above for each cell line ( Figure 5) .
The parameters of cell movement (Table 2) were calculated for each cell using procedures written in the Mathematica language as described [26] . The following parameters were determined: i) the total length of the cell trajectory, which was defined as a sequence of n straight-line segments, each corresponding to cell centroid translocation within one time interval between two successive images, in micrometers; ii) the total length of cell displacement from the starting point to the final cell position in micrometers; iii) the ratio of cell displacement length to cell trajectory length, here called the CME; iv) the average speed of cell movement defined as total length of cell trajectory/time of recording; and v) the average velocity of cell displacement calculated from the final cell displacement in a given time. Figure 5 and Table 2 show that Rh123 dim keratinocytes possess higher motile activity as compared to Rh123 bright keratinocytes. 
Comparison of proliferation rates between
Discussion
Rapid progress in tissue engineering and cell culture techniques makes expanding clinically relevant cells from relatively small tissue biopsies possible. Such cells could be subsequently and potentially employed to reconstitute tissues. For example, plastic surgeons are looking for efficient strategies to expand epidermal cells and keratinocytes that could be use to treat trophic ulcers in diabetic patients and heal skin burns and mechanical epidermal lesions. Some data indicate that epidermal progenitor cells could be purified by employing antibodies against α6 and β1-integrin or against α6 and CD71 [16, 32] . In our approach, the putative human epidermal progenitors were sorted by FACS as a population of Rh123 dim or β1 bright cells. The reason to isolate such cells was based on previous observations that Rh123 dim cells isolated from bone marrow are highly enriched for a population of stem/progenitor cells. Such metabolic dye is non-toxic to cells; in addition, the staining protocol is short and relatively easy. We noticed that 5% of the dimmest Rh123 cells isolated from epidermis are enriched in primitive progenitors that grow in vitro holoclones, which are large colonies composed of immature keratinocytes. Similar results were obtained when we sorted 10% of the brightest integrin β1 + cells from epidermis. β1-integrin was previously employed by other investigators as a positive marker to isolate cells from skin populations enriched in stem/progenitor cells.
We found that Rh123 dim cells are small and display a high nuclear/cytoplasmic ratio consistent with undifferentiated or primitive cells. In contrast, Rh123 bright cells are larger and are characterized by a low nuclear/ cytoplasmic ratio. Most importantly from a practical point of view, Rh123 dim cells proliferate rapidly in vitro and undergo better expansion than their Rh123 bright counterparts.
An important goal in the management of trophic ulcers or burned skin is to achieve rapid wound coverage and closure. The restoration of the tissue structure and function occurs by the activation of proliferation and migration of epidermal cells. The role of cell motility in the process of wound regeneration is well documented [33] . Because Rh123 dim keratinocytes possess robust motility, they could be used successfully in wound healing. Our work also indicates that among β1 bright cells, Rh123 dim cells contain 4 times more holoclone-forming progenitors than the Rh123 bright population. This Rh123 staining could be employed to additionally enrich β1 bright keratinocytes for holoclone-forming cells. We also noticed that it is possible to purify melanocytic progenitors from the epidermis as a population of c-kit + cells. Such cells could also find potential applications in plastic surgery, e.g., to treat amelanocytic skin lesions.
In conclusion, based on these observations, Rh123 staining is an effective and useful tool to isolate holoclone-forming progenitors from the epidermis. Since Rh123 cells are a rapidly proliferating population of cells, they may allow expansion of early keratinocytes for clinical purposes. In addition, because they also show robust motility, they could be employed in plastic surgery to treat trophic ulcers and skin burns.
